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•STOR-Y 



OF 

ASTRONOMY 



Whitten an4 l!!usti-ate4 by 

l/cfey Pgtil 



A Journey from Antiquity Into the Future 




This story will outline 

THE LONS AND PASSIONATE 
QUEST THAT HAS WIDENED 
THE FRONTIERS OF 
ASTRONOMY. 



DO WE KNOW EVERYTHING 
THERE IS TO KNOW ABOUT THE 

universe? Far from it. All 

THE TIME WE ARE MAKING 
NEW DISCOVERIES AND 
DEEPENING OUR KNOWLEDGE. 











It has always been the 

CASE - THE MORE WE KNOW, 
THE MORE THERE IS TO 




Drama In the Heavens 





Such stories were more than just a product of a 

FERTILE IMAGINATION. THEY WERE EARLY ATTEMPTS TO 
EXPLAIN THE UNIVERSE. 



gladly give up' 
MY position. A 
L Anybody^ 



They formed the earliest 
COSMOLOGIES , OR 
THEORIES OF THE UNIVERSE , 




It’s Dark - Time to Make a Move 



In the absence of 

CALENDARS AND CLOCKS 
THE SKY ALSO SERVED 
AS A USEFUL REFERENCE 



AND DIRECTION 



It helped nomads 

AND NAVIGATORS 
REACH THEIR 
DESTINATION. 




Sailors on the high seas 

FOUND THE SKY VERY USEFUL 

too. In the midst of the 

VAST OCEAN THE STARS HELPED 
THEM FIND THEIR BEARINGS. 

Development in astronomy 

LED TO ADVANCES IN THE 
SCIENCE OF NAVIGATION. 

Sailors could observe stars 

MORE ACCURATELY AND CROSS 
THE OCEANS. 



Navigating by stars 
is still practiced. 

However, 

MODERN SHIPS AND BOATS USE 
NAVIGATION TECHNOLOGY 
COMPRISING OF SATELLITES, 
RADIO WAVES AND ELECTRONIC 
GADGETS TO STEER THEM 
THROUGH THE HIGH SEAS. 



Jack . 

I think we are in 
big trouble 





That ain’t no Star. It Moves! 



The Sun, the Moon and the stars all moved 
across the sky. That much was common 
knowledge. But there were keen observers 
WHO SAW PATTERNS. 



Hmm... 
interesting. 
But that one 
up North 
^doesn't move, 
at all. 



I And they sought 
■out explanations. 



The stars' 
seem stuck 
to the inside 
of the sky, 
which keeps 
t turning like a 
huge top. 



I This was the beginning 
I of Astronomy as a science. 



'That makes sense. 

And the ‘North 
Star 1 happens to be 
situated exactly on 
the axis of this 
rotation. 





The North Star' or 
the "Pole Star' - 

BECAUSE IT STOOD 5 TILL 
AT ONE PLACE, ENJOYED A 
SPECIAL STATUS IN 
ANCIENT ASTRONOMY, 

All the other stars - 

THE ENTIRE CELESTIAL 
DOME, ROTATED AROUND 

THE Pole Star'. Thus 
’Polaris' became the 

ANCHOR POINT FOR 
STUDYING THE NIGHT SKY. 



In India, the North Star is called Dhruva after the mythological prince who transformed into the star. 



One day, five year old 
prince Dhruva was 
sitting on his father’s 
lap. Dhruva’ s stepmother, 

THE BEAUTIFUL BUT WICKED 
QUEEN, COULDN’T STAND 
THIS SIGHT. She PUSHED 

Dhruva off ms fathers 

LAP TO MAKE PLACE FOR HER 
OWN SON. 



''Get lost, you bratP 
You are not the 
.only prince around, 
here. 




Deeply hurt, 

Dhruva left home 

IN SEARCH OF A 
PLACE FROM WHERE 
HE COULDN'T BE 

dislodged. After a 

LONG PENANCE, HE 
WAS TRANSFORMED 
INTO A STATIONARY jgg 
STAR - FIXED AT 
ONE POINT IN SPACE. 



I want a place from which ^ . 
no force in the universe I 




Did all stars move in a pattern? 

Well . . . not all. 



Hey! You told me 
ALL stars stick to 
their pattern. But 
one yonder there 
wanders, 



May be it just 
looks like a star 
but is really 
.something else?^ 



Indeed, a few bright stars 

STRAYED FROM THE PATTERN. 

The Greeks called them 
PLANETS WHICH MEANT 
WANDERER S- 

These WANDERING STARS KEPT 
DRIFTING ACROSS THE FIXED 
STELLAR PATTERN. 

Even the Sun and the Moon 

WERE NOT FIXED TO THE 
PATTERN OF STARS. THEY 
WANDERED TOO. 



There were five star-like planets. They were named after Greek Gods. 



The Sun 
and the Moon 
are also planets.] 
wander . 





Mercury 


Venus 


Mars 


Jupiter 


Saturn 


Hey, what about us? 


L_±_ 
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If you added to them the Sun and the Moon then the number of planets increased to seven. 




Keeping Track of Time 




The Egyptian's knowledge 

OF ASTRONOMY ENABLED 
THEM TO PREDICT 
THE REAPPEARANCE 

of Sirius with 

PINPOINT ACCURACY. 



have perfected it. The shadow 
of the pole on that pyramid tells us 
how many days are leftfor the 
flooding of Nile. 



For systematic prediction of natural phenomena, a good system 

FOR TRACKING TIME WAS NEEDED. THIS GAVE BIRTH TO THE CALENDAR. 

The circling of the Sun across the stellar pattern marked one 
year. One complete phase cycle of the Moon marked a month. 

Both farming as well as administration of the state 

COULD NOW BE PLANNED AND EXECUTED, LIKE CLOCK WORK. 



,By the way, when is our payment 
scheduled? 







Astrology 





Indeed there was some evidence suggesting the 

INFLUENCE OF HEAVENLY BODIES ON EARTHLY PHENOMENA. 



{ It is the full moon! 
I Be prepared for a 
v V powerful tide./ 

v 



But Astrologers blew this out of proportion. 




Astrology thrives even today, 

ESPECIALLY IN UNDERDEVELOPED COUNTRIES. 

In India, there are many more 
Astrologers than Astronomers. 
Some universities even offer 
degree courses in Astrology. 




Astronomy 
r Not much future in the field. 
{ Why don't you apply for an 
L Astrology course instead? 

I 





Aristotle 



The evolution of modern 

ASTRONOMY CAN BE TRACED BACK TO 
THE WRITINGS OF ARISTOTLE, THE 

famous Greek philosopher. 



Aristotle 384 - 322 BC 




This Greek philosopher was the 

FIRST ONE TO FORMULATE A 
COMPREHENSIVE SYSTEM OF PHILOSOPHY* 
His WRITINGS COVERED a VARIETY OF 
TOPICS - POLITICS, MORALITY, 
AESTHETICS, METAPHYSICS, LOGIC AND 
science. He WAS THE FIRST ONE TO 
UNDERTAKE A FORMAL STUDY OF LOGIC. 

His thoughts had a strong 

INFLUENCE ON MANY PHILOSOPHICAL AND 
THEOLOGICAL TRADITIONS. 

Aristotelian philosophy is still an 

ACTIVE FIELD OF STUDY* 

He INFLUENCED MANY PEOPLE IN 
HISTORY, THE MOST WELL KNOWN BEING 
HIS STUDENT ALEXANDER The GREAT, 



It has been said that Aristotle's ideas remain the most 

INFLUENTIAL THOUGHT SYSTEM EVER PUT TOGETHER BY A SINGLE 
MIND. HlS PHILOSOPHY SHAPED THE INTELLECTUAL DEVELOPMENT 
OF MANY CULTURES* 

Like with many fields, his ideas had a strong influence 

ON ASTRONOMY. THE ROLE OF SPHERES AND CIRCLES WENT 
UNQUESTIONED FOR A GOOD TWO THOUSAND YEARS* 



It is not clear whether Aristotle's 

INFLUENCE ON ASTRONOMY WAS A BOON OR A 

HURDLE. But his real contribution to 
SCIENCE LIES IN THE TREND HE STARTED. 

He asked questions about the universe* 
He attempted explanations for 

PHENOMENA THAT PEOPLE TOOK FOR GRANTED. 
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Models of Motion 



TO TRA CK THE WANDERING PLANETS PRECISELY , 
THE STELLAR PATTERN WAS CAREFULLY MAPPED, 



What?! 

After dividing their land 
these silly men are now 
div iding the sky?. 






•\ 






Each region of the night sky was ' 

IDENTIFIED WITH THE+LOCAL PATTERN Of A 
BRIGHT STARS CALLED A CONSTELLATION, 



Mapping the stellar pattern made it possible for the motion of 

PLANETS TO BE MEASURED WITH ACCURACY. The NEXT STEP WAS TO 
UNDERSTAND THIS MOTION, 



I can t make 
W head or tail of 
this movement 
of planets. 

I think they are 
^^ossesse^ 

Astronomers 

STROVE HARD TO 
IDENTIFY SIMPLE 

PRINCIPLES THAT COULD EXPLAIN THE COMPLEX MOTION OF PLANETS. 



3 



I think 
they just look 
complex. May be 
there are simple 
principles 
underlying their 
motion. We must 
try to figure ■ 
out. 



In TRYING TO MAKE 
SENSE OF THE 
MOTION OF PLANETS 
ASTRONOMERS USED 
MATHEMATICS. 

Obviously, they 

USED THE 
MATHEMATICS 
THEY WERE MOST 
FAMILIAR WITH. 



2 



T'f 



a 



Numbers 
|can explain ] 
vthem all! 



No, 
its geometry! 
The universe is 
geometrical. 



\ 



Astronomers tried to explain 

THE MOTION OF PLANETS USING 
SIMPLE MATHEMATICAL MODELS. 
IT MEANT USING A FORMULA TO 
TELL THE POSITION OF THE PLANET 
AT ANY GIVEN TIME. 

IF SUCH A MODEL COULD 
ACCURATELY LOCATE THE POSITION 
OF A PLANET A FEW HUNDRED 
YEARS BACK IT SHOULD ALSO HELP 
IN PINPOINTING ITS POSITION IN 
THE DISTANT FUTURE TOO. 



The success (or accuracy) of 

THESE MODELS DEPENDED ON THE 
SOPHISTICATION OF THE 
MATHEMATICS INVOLVED. THE 

Egyptian models were based on 

A PRIMITIVE NUMBER SYSTEM. 

They were not very successful. 
The Babylonians did better 

BECAUSE OF THE WAY THEY 
REPRESENTED NUMBERS. THERE 
SCHEME WAS QUITE SIMILAR TO 
THE MODERN DECIMAL SYSTEM. 

| Instead of 10 they used a base 
of 60 . The legacy of the 
Babylonians still lingers on. 
An hour is divided into sixty 

MINUTES AND EACH MINUTE INTO 
SIXTY SECONDS. 



Look. 

According to this model, 
the Sun will cross the Moon's 
paths exactly at mid-day, 
next month. 












Do you know what that 
’implies? ... a Solar Eclipse! 



Being able to predict the 

MOTION OF THE PLANETS WELL 
IN ADVANCE MEANT A LOT. 

Solar and lunar eclipses, 

THOUGHT TO BE RANDOM 
PHENOMENA UNTIL THEN, 
BECAME PREDICTABLE. 

Eclipses were important 
events in religion. 
Naturally, religious 

ACTIVITIES GOT MIXED WITH 
ASTRONOMY. 



Mathematics played an 

IMPORTANT ROLE IN THE 
DEVELOPMENT OF ASTRONOMY. 

In turn. Astronomy was the 

DRIVING FORCE THAT LED TO 
MAJOR ADVANCES IN MATHEMATICS. 





Wheels of Motion 



The initial models of planetary motion were circular. 



How can simple circles 
explain the complex 
motion of a planet? 



Isn't it fascinating? 

A combination of 
simple motions can be 
very complex^^N 




The first models were based on concentric spheres. 
These spheres turned uniformly on their axes like 
tops. The axis of one sphere was fixed in another. 

14- hoars 




Each planet required 

SEVERAL CONCENTRIC SPHERES TO MODEL ITS MOTION. 



| Then there were EPICYCLES. In this model, each planet was fixed 

ON A TURNING WHEEL, WHOSE CENTER WAS FIXED ON ANOTHER TURNING 
WHEEL (WHICH IN TURN MIGHT HAVE BEEN ATTACHED ONTO ANOTHER 
TURNING WHEEL). 

Now that surely 

can give rise to f Epicycles are beautiful, 

complex motion. 'The whole machine may look complex, 1 

but each wheel executes the simplest 
turning motion. 




Yet ANOTHER CONCEPT WAS THE ECCENTRIC 
CIRCLE. IT HELPED TO EXPLAIN THE SPEED 
VARIATIONS OF PLANETS. 

See how a uniformly moving planet^ 
appears faster when it is close to us 
and slower when it is at the farther^ 
portion of its path? 

st 





Amongst the circle based models the 
Equant Point was the most complex construct. 
It also turned out to be the most powerful tool in 

MODELING PLANETARY MOTION. It WAS L&ED FOR OVER A 
MILLENNIUM AND A HALF. 



ie planet orbits 
along an eccentric 
circle but not 
uniformly. However, 
its motion appears 
l uniform if viewed from 
a particular point in 
space. I call this 
point the 
^Equant Point 




That's awfully 
complicated. But ... 
what ever works ... 



Collectively, these models quite successfully 
captured the motion of the planets. The spheres 

AND THE CIRCLES WERE STILL ONLY MENTAL CONSTRUCTS 
AND NOT PHYSICAL ENTITIES. BuT THEY HELPED IN 
BUILDING SIMPLE YET PRECISE MODELS. 

The predictive abilities of models decided their 
success or failure. 

The Greek astronomer, Ptolemy, was the first to 
combine all these modeling techniques. He worked 
out the first accurate model to explain the motion 

OF PLANETS. 







Ptolemy - the Greek Astronomer from Egypt 



Ptolemy was a Greek astronomer. His actual name 
was Claudius Ptolemaeus. Not much is known 

ABOUT ms PERSONAL LIFE, 

Well... I am 
Greek but lived in 
Egypt. And I 
authored the 
Almagest. 

What more 
do you wish to 
know? 



ALMAGEST is the popular name of the book Ptolemy 
wrote. The original title in Greek, Megale Syntaxes 
meant Mathematical Compilation. It was later 

TRANSLATED INTO ARABIC WITH THE NAME AL MaJISTI 

(or The Greatest) and then later into Latin with the 

NAME ALMAGESTUM. 



It was indeed 

A MAGNIFICENT 
TREATISE ON 
ASTRONOMY. 



□171 

> ^ 



Cartography + 



Most importantly, it was a compilation of techniques by past astronomers 
as well as Ptolemy's own inventions in modeling planetary motion. 



Claudius Ptolemaeus 85-165 AD 



rfZ 





The Almagest was an extensive work filling 13 volumes. 


1 


It catalogued 1000 STARS and various phenomena observed in the sky. 
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Ptolemy lived in Alexandria 
(Egypt). He was an astronomer, 

MATHEMATICIAN, GEOGRAPHER AND 
CARTOGRAPHER. He WAS THE AUTHOR 
OF THE FIRST TREATISE ON 
ASTRONOMY POPULARLY KNOWN AS 

Almagest. 

His work in astronomy reigned 
SUPREME FOR 1400 YEARS. 



The success of Ptolemy's work lay in the 
predictive power of his models. 



^Amazing! But these 
epicycles and equant 
points seem a bit hard 
for me to swallow. 



These epicycles 
and equant points 
do work. By using 
'"them I can accurately 
predict the motion of j 
planets. 



But there were problems. 

If the epicycles 
bring the planets so 
close to Earth and 
then take them far 
away, then why don't 
the planets appear to 
grow big and then 
shrink? 



You don't take 
Ptolemy's machinery literally) 
do you? 



A 



■*> 



It was accepted that the epicycles, the equant points and all 

I THE MACHINERY OF PTOLEMY'S MODELS WERE ONLY MENTAL CONSTRUCTS. 

They only modeled the observed movement of planets and not 

THE PHYSICAL REALITY. 




Ptolemlc Universe 





Flat Earth - Round Earth 





The Geocentric Theory 



| The Sun, the Moon, the planets and even the stars 

ALL SEEM TO REVOLVE AROUND US. NATURALLY, THE 
EARLY ASTRONOMERS THOUGHT THE EARTH WAS THE 
CENTER OF ALL THIS MOTION. 















■ih 



cen* 






Earth is the 
center of the 
jjnr verse, you know. 



Today we know that the Earth is not the center of the 
universe. In fact there is no such thins as the center of 
the universe. The idea is as silly as the Romans 

BELIEVING THAT ROME WAS THE CENTER OF THE WORLD. 






Kan. 5 ICA 



ajolDflia. ROADMAP - 

of the World 

100 SC 






Rome is the 
Obviously.^ ( center of the world, 



you know. 



Obviously 



Quite early in history, many thinkers thought that 
it was the Sun (and not the Earth) around which 
the Earth and other planets revolved. Around 250 
BC, Aristarchus of Sau^os (in Greece) said . . . 



Can't you see? ^ 
fit is the Sun around which 
every thing revolves — 
even our Earth. 



Around 500 AD, Aryabhata argued that the Earth spun 

ON ITS OWN AXIS, LIKE A TOP, COMPLETING ONE ROTATION 
EVERY DAY. He SAID IT WAS THIS ROTATION WHICH MADE THE 
STARS AND PLANETS APPEAR TO BE REVOLVING AROUND US. 
(It IS LIKE HOW A MERRY-GO-ROUND MAKES THE WORLD SPIN.) 




O' 



r Why is the sky 
spinning around 
us? 



! am feeli 
dizzy. How 
^does one stop j 
this? 



Except the Moon 
. I mean. * 



Unfortunately, such theories fell on deaf ears. The 

WORLD, IT SEEMS WAS STILL NOT READY FOR SUCH RADICAL 





Yeah. I mean 
why don't they 
work on something 
useful instead of 
messing with 
obvious truths? 



SO, FOR SEVERAL THOUSANDS OF YEARS THE EARTH WAS 

TO REMAIN THE CENTER 
OF THE UNIVERSE 
AND THE SUN 
WAS MADE TO 
REVOLVE 
AROUND IT. 



When 
will they 
get the 
picture 
right? 



Don’t waste your 
energy. It is going to be 
a long while before that 
L will happen. Keep circling 
me for now. 




1 J 




Copemkus 



The credit soes to Nicholas Copernicus, for finally stopping the 
Sun and setting the Earth 

Pwhoo . , , at lastl\ into motion. / Hey, don't push me^ 
Thanks Nicholas. \ — ^ ( I need some warming 



INicolaus Copernicus 1473-1543 



[I couldn’t have taken it 
much longer. 



up you know. 



It had to happen some 
day. Don’t worry, I will 
^always be there with you. 




Astronomers were 

DISSATISFIED WITH 
EXISTING MODELS. 



[Ptolemy's models (centuries old) needed refinement, 

| OR REPLACEMENT. 

I am reallyX^Someboc 
\tired of this | help us 



Born in Poland he was a 

MATHEMATICIAN, ASTRONOMER, 
PHYSICIAN, TRANSLATOR, ECONOMIST, 
MILITARY LEADER AND MUCH MORE. He 
WAS THE FIRST TO PROPOSE A 
SCIENTIFICALLY BASED HELIOCENTRIC 

COSMOLOGY. His treatise titled De 
Revolutionalibus Orbium 



Why 
can't I 
ever get 
things 
right? 



I feel we are 
barking up the 
wrong tree. 



Yeah. And what about the 

size of the Moon? Why j retr0 g rQ( j e / n\ea$ej Coelestium (on the revolution of 
doesn t it appear huge when it/ 9 tw ^ smhes) w« the 

comes close to us os ' / \f | habsxnseo op modern astronomy. 

model says? ^ ™ 



This kind 
of error is not 
acceptable. 



Epicycles are our 

mode s. What do the { martie matic$J 
planet paths 



really look like? 



; poor. 
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Ancient philosophers mad 
conjured only a fuzzy 

PICTURE OF THE HELIOCENTRIC 

universe. Copernicus's theory, 

ON THE OTHER HAND WAS NOT 
JUST AN IDEA BUT A COMPLETE 
SET OF SOLUTIONS. 



Copernicus was courageous enough to 

CHALLENGE THE DOMINANT, UNQUESTIONED THEORY 

of his time. He said: 



He SPENT 30 YEARS WORKING OUT THE MATHEMATICAL DETAILS 
OF HIS NEW SCHEMA. 



Ptolemy's models can not be 
improved any further. The basic premise of 
his theory is faulty. 



If the Sun is 
placed at the 
center of all 
motion, then 
everything will 
become simple. 
Follow evidence 
and challenge 
age-old 
established 
truths. 



The retrograde motion of 
planets is an illusion caused 
by the motion of our own 
Earth around the Sun. 

r 5ee, it is so 
simple yet so 
accurate. 



His theory 




Venus and Mercury 
'orbit the Sun too, just like^ 
our Earth. They stick close tol 
Vthe Sun because their orbits^ 
are smaller. 



ft' 



I don't see it. Do you? 



DEMYSTIFIED SEVERAL COMPLICATED ASPECTS OF PLANETARY MOTION. 
HlS CONTEMPORARIES HOWEVER FAILED TO APPRECIATE HIS WORK. 



It took more than a century for Copernicus's ideas to be 
accepted- The Sun Centric (Heliocentric) model was a radical 
departure from the Earth Centric model. Astronomy finally 
emerged out of its dark ages. Copernicus is now universally 
recognized as the father of modern astronomy. 



TTT 




The Heliocentric Theory 



Unfortunately, the Cgpernican models (based 
on his Sun-centered theory) did not prove 

TO BE AN IMPROVEMENT OVER PTOLEMY'S 

Earth-centric models. 




The reasons were 

TWOFOLD. 

Firstly, Copernicus 

DID NOT RECOGNIZE THE 
ELONGATED NATURE OF THE 

orbits. Instead he worked out 

A COMPLEX STRUCTURE 
OF EPICYCLES. 

Secondly, 

HE WORKED ON 
FAULTY OBSERVATIONS, 



Who says this is 
simplification?!. 



I don't get i"M 
Such radical 
ideas, yet such 
sloppy details^ 



PRACTICAL 



RELATED TO 
PREDICTION 
WERE NOT THE 
ONLY ISSUES. 

There were 

CONCEPTUAL 
ONES TOO. 



If we are all 
orbiting the Sun at 
such a tremendous 
speed, then how come 
,1 don't feel a 1 



And who pushes 
, huge ball of land 
1 the Sun anyway? 





. . If the Earth is going 
n place to place, wouldn't we see ’ 
some parallax* in the s tellar 
pattern? 



*5ee page 32 for a discussion on Parallax. 




. PEOPLE DOUBTED COPERNICUS. In FACT, HE HAD A HUGE FAN CLUB. 



Answers to such 
fundamental questions 

CAME MUCH LATER, 

They not only eliminated 

DOUBTS ABOUT THE 
HELIOCENTRIC THEORY BUT 
ALSO PROVIDED DEEPER 
INSIGHT INTO THE WORKING 
OF THE UNIVERSE. 



But for now, they posed 

A HURDLE TO THE 

Coperniican Picture. 





Copernicus's real fear was re jection by the church. 



Copernicus knew if 
the church rejected 
HIS IDEAS THEN ONLY 
THE GOOD LORD COULD 
SAVE THEM. He 
CERTAINLY DIDN'T 
WANT TO OFFEND THE 

church. His 

ASSISTANT - A REALLY 
SMART CHAP - PLAYED IT 
SAFE AND STILL 
BROUGHT OUT THE 



De 

Revolutions bus 
Orbium 
Coe lest ium 

1543 

dedicated to 
HOLY FATHER 
POPE PAUL III 



1 

i 



Unfortunately, the book failed to sain the popularity 

IT DESERVED. COPERNICUS'S THEORY LANGUISHED FOR MORE 
THAN A CENTURY. BUT THE MERITS OF THE HELIOCENTRIC 
THEORY COULDN'T BE IGNORED COMPLETELY. NOT 
SURPRISINGLY, ASTRONOMERS FOUGHT HARD TO PROTECT THE 

good old Geocentric Picture. 

Yes. 

Copernicus \ / Otherwise 

has a point. | i we will lose 

We better do 
something 
about it. 



terra firma* 
„once and for, 
all. 





Tycho 



It was Tycho Brahe, the Danish astronomer, who proved to 

BE THE STRONGEST SETBACK TO THE 
r Ai . , r UC \TT?^\ \ COPERNICAN PICTURE. 

f All planets orbit the 
r Sun, except the Earth 
and the Moon. In fact 
the Sun, along with its 
pack of satellites 
revolves around a 
fixed Earth, (which of 
course is the true 
center of the 
universe). 



Tychos attack on the Copernican picture was, in some sense, perfect. 

It retained everything from the Copernican theory and yet managed to put 
the Earth back into the center of the universe. In fact, Tycho j s picture was 
identical to that of Copernicus in terms of relative motion of the planets, 

AND RELATIVE MOTION WAS ALL THAT COULD BE OBSERVED. 

What Tycho really did, 

WAS TO SHIFT THE COORDINATE SYSTEM. He TOOK THE COPERNICAN MOTION OF 
PLANETS BUT MADE EARTH THE CENTER FOR DESCRIBING THIS MOTION. A SHIFT IN 
THE COORDINATE SYSTEM DOES NOT AFFECT ANY RELATIVE MOTION. 

Thus, 

Tycho both sidelined the Copernican Theory and also incorporated it 

COMPLETELY INTO HIS OWN. 




He failed to see the sun as the center. 
But his contribution to astronomy was 
significant in its own right. He was 

THE FIRST TO GIVE PRIME IMPORTANCE TO 

accuracy of observations. 



Tycho did not have much trust in 

THE EXISTING DATA. 



If your observations^ 
are erroneous, your 
theory is bound to 
be faulty. Just lopkj 
at Copernicus. 



TT 



I believe in taking 
'full responsibility for 
theories you know. 



' * ' ! 



Born in Denmark. Built the 
Uraniborg Observatory 
J (Heavenly Castle) - the first | 

MODERN RESEARCH INSTITUTE. 
HE WAS PASSIONATE ABOUT 
PRECISE OBSERVATIONS. 



A MAJOR PART OF HIS LIFE 
WAS SPENT MAKING ACCURATE 
OBSERVATIONS AS WELL AS 
IN BUILDING PRECISION 
INSTRUMENTS. 



my I 



Tycho worked 

WITH A TEAM OF 
ASSISTANTS FOR 
OVER A DECADE. 
The DATA HE 
COLLECTED SERVED 
AS A RELIABLE 
SOURCE OF 
INFORMATION FOR 
FUTURE 

ASTRONOMERS. 



Let me make it clear to you., 
this data is from Tycho. If 
your model shows a deviation 
then blame your model not the^, 
data. 



Later 

Tycho invited young Kepler to assist him 
in his work. This arrangement had a 
profound impact on the future of 
astronomy. 

Kepler found Tycho's data extremely useful 

to SUPPORT HIS OWN LAWS OF PLANETARY 

motion, Kepler's work played a decisive 

ROLE IN ESTABLISHING THE HELIOCENTRIC 
PICTURE ONCE AND FOR ALL. 





Kepler 1571 - 1630 



Tycho's successor, Johannes Kepler thought 

MODELING MOTION WAS NOT ENOUGH, 



A mere" 
description A 
of planetary 1 
motion 
doesn't 
satisfy me. 



■-A 



What else 

[would you like to do 
Johannes? 



Don't they 



want to know why the planets 
move the way they do. What 
l force keeps them on their paths?^ \to Sod's will?? 



[move according 



Does 
he mean 
planetary 
motion is a 
matter of 
Physics and 
not just 
Geometry?^ 



Unfortunately, Kepler's ideas on the physical 

BASIS OF PLANETARY MOTION REMAINED VAGUE, In 
LIGHT OF OUR CURRENT UNDERSTANDING, THEY WERE 
SIMPLY FAULTY. 



The Sun emits 
f a magnetic force 
which circulates 
and keeps the 
planets in motion. 
In its absence 
the planets will 
come to an 
instant halt. 



QHow interest^! 



^And how 
magical! 



But his modeling of planetary motion was simply 

PHENOMENAL, In THE BEGINNING OF THE 17TH CENTURY, 

Kepler presented the world with three new laws. 



They are now popularly 
known as Kepler's laws. 
They played a fundamental 
role in the first 
successful physical theory 
OF the universe that 

EMERGED DURING THE 
FOLLOWING DECADES. 



Johannes Kepler 1571-1630 



It WAS THE MARK OF A GENIUS WHEN HE REPLACED 
THE COMPLICATED MACHINERY OF EPICYCLES WITH 
JUST ONE CURVE, THE ELLIPSE, TO DESCRIBE A 
PLANETARY ORBIT. 



TV 



No epicycles, 
no egUants, 
Kepler is agenius^ 



Yes, it's frightfully 
simple, yet deadly accurate^ 

Kepler's orbital model was starkly simple and 

DEADLY ACCURATE. THE ELLIPTICAL ORBIT CAME TO 
BE KNOWN AS KEPLER'S FIRST LAW, 



Interestingly enough, 
Tycho's data, which Kepler 

| HAD DIRECT ACCESS TO, PLAYED A 
CRUCIAL ROLE IN HIS 
[ ACHIEVEMENTS. THE PRECISION 
OF THIS DATA CONVINCED 

Kepler of the erroneous 

NATURE OF THE MODELS BASED 
ON EPICYCLES. So HE SOUGHT 
NEW ALTERNATIVES 
(AND PICKED THE ELLIPSE). 



Born in Germany - a 

MATHEMATICIAN, ASTRONOMER 

and astrologer; WORLD 
RENOWNED FOR KES THREE LAWS 
GOVERNING PLANETARY MOTION. 
HE SAW ASTRONOMY AS CELESTIAL I 
PHYSICS AND PLAYED A MAJOR RQLe| 
IN REVIVING THE COPERNICAN 
WORLD VIEW. 



By Jove! 

I could swear 
f there is no other 
possibility. 



,^7 



Tycho's data was the best one could 

HAVE OBTAINED USING THE NAKED EYE. 

But it was nothing compared to the 

PRECISION ACHIEVED DURING LATER 
DECADES THROUGH THE USE OF THE 
TELESCOPE. 

If Kepler had access to telescopic 

DATA, HE WOULD HAVE REALIZED THAT 
PLANETARY ORBITS WEREN'T PERFECT 
ELLIPSES EITHER. TyCHO'S DATA WAS 
PERHAPS JUST 8I6HT FOR HIM TO ARRIVE 
AT A FIRM CONCLUSION. 




Elliptical Astronomy 



While the first law was about the path traversed bv a planet, Kepler's 

SECOND LAW TOLD HOW ITS SPEED VARIED. 




An imaginary line, connecting a 
planet to the Sun, sweeps equal areas 
in equal amounts of time. 



According to this law, if you knew the speed of a planet at one point 

ON ITS ORBIT, you COULD EASILY FIGURE OUT ITS SPEED AT ALL OTHER LOCATIONS. 
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Impressive as the 

FIRST TWO LAWS WERE, 
HIS THIRD LAW REALLY 
TOOK THE CAKE. 

It POINTED OUT AN 
EXTREMELY SIMPLE 
RELATIONSHIP 
EXISTING BETWEEN 
THE ORBITAL PERIOD 
OF A PLANET AND ITS 
ORBITAL SIZE. 



The time period T and the size S 
f a planetary orbit 




Mathematically, 

P / S 3 = constant. 

For example, 
a planet with an 
orbit that is 
4 times larger 
than another 
will take 
8 times as long 
to complete its cycle. 



There was a perfect match between the available 

DATA AND KEPLER'S ELLIPTIC MODELS. PtOLEMY HAD 
INITIATED A STELLAR QUEST. KEPLER FINALLY ARIVED AT 
A CONCLUSION. KEPLER'S THEORY MARKED THE END OF 
ONE JOURNEY AND THE BEGINNING OF ANOTHER. 



The STRIKING THING ABOUT KEPLER'S LAWS WAS THAT 
THEY APPLIED UNIFORMLY TO ALL PLANETS (EXCLUDING OF 
COURSE THE MOON). THERE WAS SOMETHING VERY 
FUNDAMENTAL ABOUT THEM. KEPLERS LAWS NOT JUST 
DESCRIBED THE MOVEMENT OF PLANETS BUT THEY 
CAPTURED THE VERY ESSENCE OF THIS MOTION. A 
DEEPER STUDY OF KEPLER'S LAWS WOULD CERTAINLY 
THROW LIGHT ON THE MECHANICS OF THE UNIVERSE? 

This was precisely what happened. Kepler's laws 
aided by Galileo's telescope and powered by 
Newton's mathematical equations initiated a new 
era of Celestial Physics. 



The 17th century perhaps was the most exciting 

PERIOD IN THE HISTORY OF ASTRONOMY. 



Kepler had been an ardent proponent of the 

COPERNICAN PICTURE RIGHT FROM THE VERY BEGINNING. 

But his elliptical orbits did nothing to revive 

THE HELIOCENTRIC PICTURE. WHAT TyCHO DID TO THE 
COPERNICAN THEORY COULD ALSO BE DONE TO KEPLER'S. 

The sun (along with its pack of planets) going 

AROUND THE EARTH WAS CONSISTENT WITH ELLIPTICAL 
ASTRONOMY. 

Fortunately, the Moon did not obey Kepler's third 
law. Kepler's explanation was that it did not 

REVOLVE AROUND THE SUN LIKE THE OTHER PLANETS AND 
HENCE DOESN'T BEHAVE LIKE THEY DO. BUT IF TyCHO's 
PICTURE WERE TRUE, THEN WHY DID THE SUN ( WHICH 
REVOLVED AROUND THE EARTH) BEHAVE DIFFERENTLY 
THAN THE MOON AND SIMILAR TO THE PLANETS 
REVOLVING AROUND IT? KEPLER HAD A STRONG CASE 
THERE. 

But it took persistent effort from Galileo 

FOLLOWED BY THE EMERGENCE OF THE PHYSICAL THEORY BY 

Newton to put the geocentric picture completely to 

REST, 

Regardless of all this, the Elliptical Astronomy 
of Kepler was regarded as the astronomy , and in 

EFFECT OVERSHADOWED ALL OTHER THEORIES OF THE PAST. 



t 




Galileo 



Contrary 
TO POPULAR 
BELIEF, 

Galileo 

did NOT 
INVENT THE 
TELESCOPE. 



Then why is Galileo's name 
inseparably associated with 
the telescope? 



a-, 






It is like Copernicus being known for the heliocentric 

THEORY, THOUGH THE IDEA HAD BEEN AROUND FOR MORE THAN 

a 1000 years. But the credit goes to Copernicus for 

WORKING THE IDEA INTO A FULL FLEDGED THEORY FOR THE 

FIRST TIME. 



| When Galileo got wind of a new device that made 
DISTANT OBJECTS TO APPEAR CLOSER, HE WASTED NO 
TIME. „ _ ^ 

This is it. 







Similarly, Galileo 

CHAMPIONED THE USE OF THE 
TELESCOPE IN ASTRONOMY. 

He also spent a lifetime 

IMPROVING THE INSTRUMENT. 

Through it, he saw a 
HOST OF CELESTIAL 
PHENOMENA THAT NO HUMAN 
BEING HAD SEEN TILL THEN. 

Galileo and his telescope 

TOGETHER REVOLUTIONIZED 
OBSERVATIONAL ASTRONOMY. 



HE BROUGHT THE 
NEW INVENTION 
HOME, STUDIED IT 
AND MADE SEVERAL 
IMPROVEMENTS . . . 




. . . AND 
STARTED 
WATCHING 
THE SKY 



see astronomy progressing. 




What the 

TELESCOPE REVEALED 
TO HIM SET 
ASTRONOMY ON A 
NEW TRACK. 



The TELESCOPE ACCOMPLISHED 

two things. Firstly ... 



Secondly, the ability of the 

TELESCOPE TO REVEAL GREAT 
DETAIL MEANT . . . 




The universe is filled 
with objects we never 
knew existed before. 



far more 
accurate 
observations. 
Tycho's data wi 
soon become 
history. 




Galileo Galilei 1564-1642 




Born in Italy. He pioneered 

THE USE OF THE TELESCOPE IN 
ASTRONOMY. He DISCOVERED 
MANY OBJECTS HITHERTO 
INVISIBLE TO THE NAKED EYE. He 
SAW THINGS WHICH NO ONE HAD 
EVER SEEN BEFORE. GALILEO 
REVIVED THE COPERNICAN 
HELIOCENTRIC VIEW OF THE 

cosmos. Galileo's theory went 

AGAINST THE ESTABLISHED 
DOCTRINE OF THE CHURCH. SO, 

Galileo's last years were 

SPENT UNDER HOUSE ARREST. 

Galileo pioneered the use of 

QUANTITATIVE EXPERIMENTS. He 
ALSO UNDERTOOK A SYSTEMATIC 
STUDY OF MOTION. 

Galileo has been hailed as the 

FATHER OF MODERN 
OBSERVATIONAL ASTRONOMY, THE 
FATHER OF MODERN PHYSICS AND 
THE FATHER OF SCIENCE. 



What Kepler's findings 

DID TO ASTRONOMY THEORY , 

Galileo's telescope did to 

OBSERVATIONAL ASTRONOMY. 






Galileo’s Discoveries 



Among the 

FIRST THINGS 

Galileo discovered 

IN THE SKY WERE 
INNUMERABLE STARS 
TOO FAINT TO BE 
VISIBLE TO THE NAKED 
EYE. 



Who would have thoughts 
Even the milky way 
is a crowding of 
stars. 



TELESCOPE 
ENLARGED THE 
PLANETS A BIT. 

The stars 

APPEARED 
BRIGHTER BUT 
STILL RETAINED 
THEIR POINT 
APPEARANCE. 












LIKE 



What could 
this mean? May be the^ 
stars are unimaginably 
far from us. 

Which kind of explains^ 
why we don't see 
stellar parallax even if 
the Earth orbits 
the Sun. 



Galileo, like his contemporary Kepler was also an ardent advocate of the Copernican theory. 
His TELESCOPIC discoveries helped revive the heliocentric theory. 



His most exciting discovery were the moons of Jupiter. For months he observed 

WHAT APPEARED LIKE THREE STARS FOLLOWING JUPITER CLOSELY, 



Wait a minute. 
They looked like 
stars. But why 
are they M 
wandering? 




Surely, there was nothing special about Earth. 

It had just one moon. Jupiter had four. 

This further supported the Copernican hypothesis. 



Galileo saw many more interesting 

THINGS. 

Venus has phases just like the Moon. 




Saturn has wings, which 
appear and disappear. 





The moon is not a smooth 
ball. Its surface is full of 

bumps and pits. ^ ^ ^ ) 




Galileo's exciting 

discoveries 

galvanized 

HALF-Y AWNING 
ASTRONOMERS 

into action. 

They wanted to 

SEARCH THE HEAVENS 
TOO. 



The telescope gained 

POPULARITY. It BECAME 
INDISPENSABLE FOR 
OBSERVATIONAL ASTRONOMY. 

The instrument has evolved 
over the centuries. But it 

STILL ENJOYS THE SAME STATUS 
TODAY AS IT DID IN GALILEO'S 
TIME. 





Galilean Physics 






Hooke 





Inverse Square Law 



The contributions of Galileo and Robert 
Hooke were promising. But they did not 

CONSTITUTE AN UNDERSTANDING OF CELESTIAL 

mechanics. The fire started by Kepler's 

DISCOVERIES COULD NOT BE PACIFIED WITH 
QUALITATIVE EXPLANATIONS. THERE WAS A DIRE 
NEED FOR A PHYSICAL THEORY TO ENUNCIATE KEPLER'S 
LAWS WITH MATHEMATICAL PRECISION. 



Eventually, gravitation was found to obey the 
INVERSE SQUARE LAW. 

This law says that the strength of the 

GRAVITATIONAL PULL DIMINISHES IN PROPORTION TO 
THE SQUARE OF THE DISTANCE FROM THE SOURCE. 



It is 

quite simple. 
Double the 
I distance and the 
[pull would be four 
times weaker. 






cr 



The real question was, ‘does the inverse 

SQUARE LAW OF GRAVITATION LEAD TO ELLIPTICAL 
ORBITS? 



If SO, 
then that 
is the 
correct 
law. 






O 



If not, 
then gravity 1| 
behaves in 
some other t 
way. 



This credit goes to 
Isaac Newton. He 

NOT ONLY WORKED 
OUT THE MINUTEST 
DETAILS OF SUCH A 
THEORY, BUT ALSO 
INVENTED THE 
REQUISITE 
MATHEMATICS. 



Hooke intuitively felt that as 

ONE WENT FURTHER AWAY FROM THE 

Sun its gravitational pull 

GRADUALLY DIMINISHED. BUT WHAT 
WAS THE EXACT RELATIONSHIP 
BETWEEN THE DISTANCE FROM THE 

Sun and the pull of gravity? It 

WAS STILL A MYSTERY. 



The INVERSE SQUARE LAW WAS NOT SO HARD TO CONCEIVE. 
In FACT IT WAS QUITE A NATURAL CANDIDATE TO BE 
CONSIDERED. 



:a - 



As everyone knows, the 
illumination from a candle 
diminishes as the square of 
the distance from it. Why 
^couldn't gravity be doing the 
same thing? 






Are you ^ 
suggesting that 
the Sun emits 
gravity 

just like it does . 
light? 



Robert Hooke claimed that 

THE INVERSE SQUARE LAW OF 
GRAVITY WOULD GIVE RISE TO 
ELLIPTICAL ORBITS. BUT HE 
REFUSED TO FURNISH ANY PROOF. 



Won't. 



At last Hooke went to Isaac 
Newton. By now Newton was well 

, t ESTABLISHED AS A REPUTED 
ANTHEM A TTCXAN. UNFORTUNATELY, THIS 
MEETING WITNESSED A CLASH OF IDEAS. 



But if only I 
could convince 
him. 



How dare he 
contradict my v 
ideas? 



0 



jOz 









Newton was deeply offended. 

He RETREATED INTO A SHELL, BUT 
ONLY TO UNDERTAKE A DEEPER STUDY 
OF THE MATTER. 



I have to 
figure this out. 
And I will. 








Newton 1642-1727 



After his 


f Ah! X) 


meeting 


/ I finally did it. \ 


with Hooke, 


I Now let me get \ 


Newton 


back to the issue 


WORKED OUT 


V of colors in light. J 


A THEORY OF 




GRAVITATION. 




But he kept 




THE RESULTS 




TO HIMSELF. 





Fortunately about the same time, 
Edmond Halley - a young member 
of the Royal Society was also 

KEENLY INTERESTED IN A PHYSICAL 
THEORY OF CELESTIAL MECHANICS. 



Disappointed with Hooke for not providing any mathematical details 

SUPPORTING HIS IDEAS, HALLEY WENT TO NEWTON . . . ^ 

An ellipse^ 

Supposing l of course. , 

the Sun produced a 
gravitational pull as 
per the inverse 
square law, then 
what would be the 
shape of a 
planetary 
orbit? 



This meeting was indeed 

CONSEQUENTIAL. A LITTLE 

later Newton sent 
Halley a small article 
with details of his 
mathematical theory. 



Halley's excitement was boundless. 



Finally! 






Newton's small article contained results beyond Halley's expectations. 
With the assumption of an in/erse square law of gravitation, 
Newton had showed that a planetary orbit will be elliptical 
(Kepler's first law), with a speed variation obeying Kepler's second law 

AND AN ORBITAL PERIOD IN ACCORDANCE WITH THE THIRD. 



Newton's results meant an end to the 
■ confusion that had reigned for two 

THOUSAND YEARS. A CLEARER PICTURE OF 
THE UNIVERSE BEGAN TO EMERGE. 

I T 

Wh 



There was a simple set of principles 

WHICH GUIDED THE MOTION OF HEAVENLY 
BODIES. 



This is like 
waking up from a 
nightmare. 




Isaac Newton 

1643J727 



Born in England, He invented 
Calculus, probably hts greatest 
contribution to the world of 
science. (The claim for 
inventing Calculus was also 

SHARED BY LeBENTTZ, RESULTING IN 
A CONTROVERSY, WHICH WAS NEVER 
SETTLED.) 

He WORKED OUT A THEORY OF 

Dynamics, giving a concrete and 

MATURE SHAPE TO PHYSICS. 

Through the application of 
Calculus and Dynamics, he 
worked out the first physical 

THEORY OF ASTRONOMY. He ALSO 
STUDIED THE BEHAVIOR OF LIGHT. 

He INVENTED THE REFLECTING 
TELESCOPE (ALSO KNOWN AS THE 

Newtonian telescope). 



Recognizing the potential 
of Newton's work, Halley 

COAXED HIM TO PUBLISH THE 
THEORY. 








Principia 1687 



Newton was a perfectionist. 

He would rather not publish at all 

THAN PUBLISH A HALF BAKED ARTICLE 
AND RISK CRITICISM AND RIDICULE. 



I am sorry Edmond. 

I am afraid this work 
is not publishable. 

as 



( 



Only after much coaxing, 

bib HE RELENT 
AND SET TO WORK ON A 
PUBLISHABLE VERSION OF 
HIS THEORY. 



I will see what I can do. 
This will take some time 
though. 



Newton woRKEb HARb on it for the 

NEXT THREE YEARS, He FINALLY CAME 
UP WITH HIS MASTERPIECE. HlS THEORY 
WAS TO BECOME THE BIBLE OF PHYSICS 
FOR THE NEXT TWO HUNDRED YEARS. 



Now, 

THIS certainly is 
publishable. 






Within those three years, Newton had 

EXPANDED HIS ORIGINAL NINE-PAGE ARTICLE INTO A 
SEMINAL WORK AND PUBLISHED IT UNDER THE 
IMPRESSIVE TITLE 

Philosophi A e Naturaus Principia 
Mathematica 

or 

I Mathematical Principles of Natural Philosophy. 
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Popularly known by the short name 
Principia Mathematica (or simply Prinopia) 

IT SPANNED THREE VOLUMES. 



In no time, Principia became the gospel, 

AND ITS AUTHOR A LEGEND. 



f Look, how neatly he ha^ 
laid the foundation for 
motion. Is every object 
guided by the 
same set of principles? 






j 



And every planet 
attracts every other? 
How fascinating! 






I tell youTT^ 
Newton is the 
l voice of Sod. 



Principia did three things: It 



a) laid the principles governing the motion OF OBJECTS, 

b) gave a precise description of how every object attracted 
every other object in the universe, and finally, 

c) combined the two to explain why the planets moved 
the way they did. 

The first two were brilliant yet simple pieces of work. 

To explain the motion of planets precisely WAS a 
complex mathematical task. Newton only initiated it. 







Halley’s Comet 



Right from the beginning Halley had 

TAKEN A KEEN INTEREST IN NEWTON'S 

work. In fact it was Halley who used 

HIS PERSONAL FUNDS TO FINANCE THE 
PUBLICATION OF PrINOPIA. 

I am 

I indebted.] 



Halley played a pivotal role in popularizing Newton's theory. 
This brought him much fame. 



Rules of universal 
gravitation must give 
comets an elliptical orbit 
too. Then how come we 
see comets only coming 
and going? 






A comet's path 
'can be elliptical too, but it will 
be extremely elongated. We 
just don't get to see the other 
end of such a long ellipse. And 
we certainly don't live long 
^enough to witness the return 
of a comet. 



The pleasure is all mine. 

And here is your personal copy. 

Halley, who had great faith in Newton, set 

OFF TO VERIFY THIS THEORY. 



& 



There must 
be some 
comet then, 
which returns 
periodically. 

If so, 

I should be able to 1 
find some record 
of it in history. 






He delved through piles of historic data. Surely 
enough, he managed to identify one periodical 

SEQUENCE OF COMET SIGHTINGS. 



Sc 



HOLY DOS*! 

I have one here . 
returning once 
every 76 years. 

And by jove . . . 
that means it is 
going to come back 
in 6 decades from 
today. Willi live 
to see it? 



* The expression holy cow 

WAS NOT INVENTED TILL THE BRITISH WENT TO INDIA. 



'M 



A. COMET WAS SPOTTED IN 1758 JUST AS HALLEY HAD PREDICTED. 

| IrWAS AN HISTORIC EVENT INDEED. SADLY ENOUSH, HALLEY HAD 
DIED ALMOST TWO DECADES EARLIER. 



He was right. 
Halley was right. 



The Halley's Comet continues to visit the Sun 

ONCE EVERY 76 YEARS OR SO, JUST LIKE HALLEY HAD 
PREDICTED. 

Even today the Halley's Comet draws the 
attention of the whole world. Its 

REAPPEARANCE IS A GREAT CROWD PULLER. 






And so was Newton. 



Keep on the look out for Halley's Comet 

ON ITS NEXT PREDICTED VISIT SOMETIME AROUND 

2061. 




Newtonian Physics 




Newtonian Physics ruled the physical sciences and engineering for two hundred years. 
Newton seemed to have revealed the Secrets of Nature. 

People started reposing their faith in scientific enquiry. 

Science and technology would henceforth power the engines of growth. 



/ 




The Mystery of the Missing Planet 



Some people found a striking void in the solar system. 

| There was a huge gap between the four inner planets and 

THE TWO OUTER PLANETS. HOW DOES ONE EXPLAIN THIS 
ANOMALY'? 



Maybe there's a little planet 
inside Jupiter's orbit which 
has escaped our telescopes. 




The creator is 
wise. Since the 
outer planets are 
rather large, they 
could easily distrub 
the orbits of small 
planets if they 
were close by. 



Such a strikingly simple sequence could 

HARDLY BE A COINCIDENCE, ASTRONOMERS 
STRONGLY BELIEVED THAT THE SEQUENCE WAS A 
LAW FOLLOWED BY THE ORBITAL SIZES OF THE 
PLANETS-EXCEPT FOR THE MISSING NUMBER 8. 



What do you mean by 
the missing number? 
We haven't spotted 
the planet. That is 
all. 



The question is 
who finds it first. 




Some people thought that the orbital sizes of planets 

FOLLOWED A SEQUENCE. 



If you take l/10th the 
Size of earth's orbit as 
the measuring unit, then 
the orbital sizes of the 
planets roughly come out 
integers. In increasing 
order, they are 
, 4, 7, 10, 16, 52 and 100. 



How interesting! And^ 
if you subtract 4 from 1 
each integer in this 
sequence and divide it 
by three, you will get 
a new sequence: 

0, 1, 2, 4, 16, 32 




[In 1781, William Herschel, an amateur astronomer, discovered 
a new planet. It was named Uranus. Interestingly, its orbit 

DID NOT LIE WITHIN THAT OF JUPITER WHERE THE SEARCH FOR THE 
MISSING PLANET WAS ON, BUT WELL BEYOND THAT OF SATURN. 




The FACT THAT THE NEWLY FOUND PLANET URANUS HAD AN ORBITAL 
SIZE THAT FITTED THE LAW WAS VERY ENCOURAGING. THIS, IF 
ANYTHING, RESULTED IN INTENSIFYING THE SEARCH FOR THE MISSING 
PLANET CORRESPONDING TO NUMBER 8, 



In 1801, an Italian astronomer called Giuseppe Riazzi spotted a 

TINY OBJECT MOVING IN THE REGION OF THE MISSING PLANET, THREE 
MORE TINY OBJECTS WERE FOUND IN THE SAME REGION WITHIN THE NEXT 

FEW YEARS. 



I think 
these are pieces 
of the missing 
planet which was 
shattered into 
f ragments due to 
some cosmic 
accident. 




Well, 
in that case 
(I there might be 
more of them. 
Let's call them 
Asteroids. 



By 1891 MORE THAN 300 ASTEROIDS 
HAD BEEN FOUND. ALL ORBITED THE SUN 
IN THE REGION OF THE MISSING PLANET - 
WHICH CORRESPONDED TO 
THE NUMBER 8 IN THE SEQUENCE. 

Even today, nobody really knows 

HOW THE ASTEROIDS ORIGINATED. 

According to a widely accepted theory 

THE DISRUPTIVE PULL OF JUPITER 
PREVENTED THESE FRAGMENTS FROM 
FORMING A PLANET. 




Triumph Of Newtonian Physics 



The movement of Uranus was puzzling. 



I have taken 
everything into 
consideration. Yet 
Uranus keeps 
deviating from the 
predicted path. 




Indeed, one could question the 

VALIDITY OF NEWTON'S THEORY AT THE 
EDGE OF THE SOLAR SYSTEM, OR . . . 



Perhaps we haven't 
considered everything that 
needs to be considered. May 
be there is another planet 
we haven't yet seen which 
keeps pulling Uranus out of 
its course. 



Under the assumption that Newton's theory was correct, the two 

I MATHEMATICIANS DID CALCULATIONS AND ARRIVED AT A FIRM CONCLUSION, 



There has to be a planet 
right about here. 



Hope the guys with the 
[ telescopes manage to spot it. 




In 1840, two bright 

MATHEMATICIANS, JAMES AND 

Jones set to work 
independently. 



Let us suppose there is an 
unseen object that is pulling 
Uranus out of its track. 



In 1846, a new planet traversing an orbit 

WAS SPOTTED, EXACTLY AS PREDICTED BY 

John and James. 




This is so exciting. I won't doubt 
Newtonian physics ever again. 




The discovery of Neptune 

| (as THE NEWLY DISCOVERED PLANET WAS CALLED) | 
MARKED THE HIGHEST ACHIEVEMENT oM 

Newtonian Physics. 



Great! 

A pair of 
mathematicians, 
just sitting at 
their desks could 
predict the 
location of an 
unseen planet 
with pinpoint 
accuracy! 




Dramatic as the prediction and discovery of Neptune was, 
its existence did not account for the deviation of Uranus's 

PATH COMPLETELY. A SMALL DISCREPANCY LEFT UNEXPLAINED WAS 
ATTRIBUTED TO YET ANOTHER UNSEEN PLANET. NATURALLY, 
ASTRONOMERS TRIED TO PREDICT THE LOCATION OF THIS 9TH 
PLANET OF THE SOLAR SYSTEM. In 1930, A TINY BODY (ONE FIFTH 
THE SIZE OF OUR MOON) WAS LOCATED ROUGHLY WHERE THE 
PREDICTIONS POINTED OUT. It WAS NAMED PLUTO. 

Today we know that Pluto is too tiny to cause any 

NOTICEABLE DEVIATION IN THE PATH OF URANUS. THE DISCREPANCY 
BETWEEN ITS PREDICTED AND OBSERVED PATHS WAS DUE TO 
INCORRECT ESTIMATION OF NEPTUNE'S MASS, By AN AMAZING 
COINCIDENCE, PLUTO WAS FOUND WHERE A MISCALCULATION 
PREDICTED IT TO BE. 

In 2006, Pluto was no more considered a planet but one of 
many dwarf planets orbiting the Sun beyond Neptune. 



■M 





Beyond Newton 



Newton's physics thrived for a good 200 years. 



It is nothing 
compared to the 
1500 years of 
supremacy enjoyed 
by Ptolemy, but 
during these 200 
years, Newton's 
theory has covered 
most of the physical 
phenomena known to 
humankind. 






After Neptune's discovery another unusual thing caught the 

ATTENTION OF ASTRONOMERS. It WAS THE ORBIT OF MERCURY. 



See 
how Mercury's 
orbit keeps 
turning? This 
[ can't be explained 
by the combined 
pull of all the 
other known 
planets. 




Are you suggesting 
that there is another planet like 
Neptune yet undiscovered? 



Some people thought that there was a 

PLANET WITH A TINY ORBIT WHICH EVADED 
SIGHTING BECAUSE OF THE Sun's GLARE. 

The fictitious planet was named 
Vulcan. 



I swear 
I saw Vulcan 
yesterday. 
Don't know 
where it's 
hiding now. 



Numerous false sightings of Vulcan 

WERE REPORTED, BUT NEVER PROVED. 




In 1915 the famous German physicist Albert Einstein came up 

WITH A NEW THEORY OF GRAVITATION CALLED THE GENERAL THEORY OF 

Relativity. It was a completely new way of looking at gravity. 
According to Einstein's theory, Newtonian theory of celestial 

MECHANICS WAS ONLY APPROXIMATELY CORRECT. 



Wait a minute. According to Einstein, 
all elliptical orbits precess like that of 
Mercury. 





Mercury's 
precession 
matches with 
Einstein's theory 
perf ectly. I have 
gone through the^ 
calculations 
myself. 



Einstein's General Theory of Relativity 

ELIMINATED THE NEED TO LOOK FOR ANOTHER 

planet. Vulcan remained fictitious. 



Newton's theory 
failed here. 
Thanks to 
Einstein, we were 
saved in time. 






It would _ 
have been cool to have 1 
a new planet though. I 
kind of liked the name 
Vulcan. 



That Newton's theory was only approximate was hard to 

SWALLOW, BUT THE EVIDENCE WAS COMPELLING. MOREOVER ElNSTEIN's 
THEORY WAS RADICALLY BEAUTIFUL. ACCORDING TO ElNSTEIN, SPACE 
AND TIME WERE INTERWOVEN INTO A FABRIC. He SAID THAT GRAVITY 
WAS NOT A FORCE AT ALL BUT A FORCE-LIKE ILLUSION CAUSED BY THE 
SPACE-TIME FABRIC WHICH BENT PATHS OF FREELY MOVING OBJECTS. 

Einstein argued that the space-time fabric that bends paths of 

OBJECTS ALSO BENDS THE PATH OF LIGHT. THIS PHENOMENON KNOWN AS 
GRAVITATIONAL LENSING WAS CAREFULLY MEASURED AND IT MATCHED 

well with Einstein's calculations. The General Theory of 
Relativity was slowly accepted as a superior theory for 

UNDERSTANDING CELESTIAL MECHANICS. 

Einstein's theory of gravitation has stood its ground for 

ALMOST A CENTURY. It IS STILL THE BEST THEORY AVAILABLE TO 
EXPLAIN CELESTIAL MOTION. 
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What About The Stan? 



Kepler wad figured out the fundamental nature of 

CELESTIAL MOTION. NEWTON'S BRILLIANT MATHEMATICS 
REVEALED ITS PHYSICAL MECHANISM. 



That takes care of 
the planets. 

But what about 
all those stars? 



Oh ... I can predict^ 
the stars better than 
you can do the 
planets. The stars 
will stay fixed 
forever! 



Since the very beginning of the history of astronomy, 
TWO IDEAS hadn't CHANGED MUCH . . . 



T The stars are I say. 

beautiful little things j f And they are stuck to the^ 
v aren't they? J \ inside of a giant sphere, y 



THE FIXED PATTERN OF STARS WAS THE FOUNDATION UPON 
WHICH THE ENTIRE STUDY OF PLANETS WAS BASED. BUT THE 
STARS THEMSELVES FAILED TO INTRIGUE THE HUMAN MIND. 



Stars are beautiful 
but boring. 



They are qurte 1 
useful though^ 



V 



;y 
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HOW FAR AWAY WERE THE STARS FROM THE EARTH? 

This was the most natural question to ask. 
But no one really had a clue. 



How f ar N 
are the 
stars? 
Could you 
knock 
one down 
for me ? j 



I don't know?! 
It is worth a 
shot though. 
Pass me a 
Stone will 
you. 



There was no observational evidence that could have given away 

THE DISTANCE OF THE STARS FROM THE EARTH. ASTRONOMERS MADE THEIR | 
OWN GUESSES. ALMOST ANYTHING WENT. 



The STRONGEST HINT CAME FROM THE 
HELIOCENTRIC THEORY OF COPERNICUS. 



The stellar sphere is beyond 
all the planets. Otherwise the 
planets would keep bumping 
into it wouldn't they? 



if) 



I agree with you. But I would 
place the stars just beyond 
Saturn, the farthest of planets. 



If the Earth travels a 
huge distance while 
orbiting the Sun, then 
Ihow come we don't see 
any parallax* in the^ 
pattern? 



L That's bothered 
me too. Maybe 
the Earth's 
orbit is a tiny 
speck compared 
to the huge 
distances of 
the stars. 



Oj 



* What is parallax? 
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What Is Parallax? 



IT IS CALLED PARALLAX. 



Even our two eyes see different images because they look 

AT THE WORLD FROM TWO DIFFERENT LOCATIONS. 



What happens if I look 
at a scene with only 
one eye and then with 
the other? 





But the tree 
and the cow grazing 1 
right under it, move J 
together. 



Parallax is very useful. The extent to which the 

RELATIVE POSITIONS OF OBJECTS SHIFT ALSO GIVES US 
AN IDEA ABOUT THEIR DISTANCES FROM US. 




Not SURPRISINGLY, SWITCHING BETWEEN EYES GIVES AN EFFECT 
SIMILAR TO THAT RESULTING FROM MOVING YOUR HEAD FROM 
SIDE-TO-SIDE. 



Position your two thumbs in front of your face, one close 

TO IT AND THE OTHER FARTHER AWAY. NOW ALTERNATE BETWEEN 
YOUR EYES. 








Of course 
I can. And so 
can you. In 
fact we are all 
experts at it. 



Close one eye and then try to touch my 
^fingertip with yours. Now try the same thing^ 
with both your eyes open. 



how my 
^left thumb is on 
the left of my 
right thumb 
when I see with 
the left eye? 

it shifts 
to the right 
of the right 
thumb the 
moment I 
switch to the/ 
right eye. 




/mis parallax”thing' 
\\s damn confusing. 

y 




but useful 
.nevertheless 



The IMAGES FROM OUR TWO EYES ARE PROCESSED BY 
OUR BRAIN TO TELL US THE DISTANCES OF OBJECTS. 

This combining of two images, called stereo 

VISION, GIVES US A THREE DIMENSIONAL VIEW OF 
THE WORLD. 



FOCUS ON A POINT IN BETWEEN THE TWO WINDOWS 

ABOVE. Now slowly move the point of focus 

AWAY FROM YOU INTO THE PAPER TILL YOU SEE 
EXACTLY THREE WINDOWS. WHAT DO YOU SEE 
IN THE MIDDLE ONE? 
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Annual Parallax 



Our stereo vision is quite good for estimating 

DISTANCES OF NEARBY OBJECTS BUT IT FAILS TO 
CORRECTLY PLACE OBJECTS BEYOND A KILOMETER OR SO. 









Objects more than 

A KILOMETER AWAY 
APPEAR ALMOST THE 
SAME TO BOTH EYES. 
WE CAN ONLY 
INFER THAT 
THOSE OBJECTS 
MUST BE VERY 
FAR AWAY. 



Doesn't the MoorT^/The stars are way farther than 
knock down the stars Vhe Moon. There is no way the j 
Jhat come in its path^i^Moon can bump into them. 



The ancient Greeks, having 

MASTERED GEOMETRY, HAD FIGURED 
OUT HOW TO MEASURE FAR AWAY 
DISTANCES USING PARALLAX. 



It is not so elegant as stereo 
.vision, but still very effective. 



Our stereo vision 

CAN NOT HELP US 
IN ESTIMATING 
THE DISTANCES OF 
HEAVENLY BODIES. 



«=._ -ml 



They viewed a scene from two points with a separation 

MUCH LARGER THAN THAT BETWEEN OUR TWO EYES. By 
COMPARING THESE IMAGES THEY COULD ESTIMATE DISTANCES 
OF OBJECTS BEYOND THE RANGE OF STEREO VISION. 



The wider the separation between two viewing 

LOCATIONS, THE FARTHER THE DISTANCE THAT COULD BE 
MEASURED. 



The ship makes an angle of 32 
degrees with the light house. 



From here it makes 
^an angle of 32 degrees] 
jind 20 minutes.^ 






Look. 

With this 
instrument 5 
meters wide, I 
can measure 
distances up to 
TOO kilometers. 






X- 
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^Give me a second here. 

OK. It has to be 6 miles 

TO MEASURE ASTRONOMICAL DISTANCES USING PARALLAX, ONE 

HAS TO CHOOSE TWO VIEWING LOCATIONS THAT ARE 

THOUSANDS OF KILOMETERS APART. 

. *■' 



Compare two 
r observations - one made 
late at dusk, the other at 
early dawn. Earth's 
rotation will have carried 
you across thousands of 
kilometers through the^ 
night. 



That's a terrific idea. 
Now, how about comparing 1 
observations that are six 
months apart? We will have j 
traversed half the orbit 
around the Sun. / 



This is called annual parallax. In the early days, 

| WHEN THE SIZE OF EARTH'S ORBIT WAS STILL NOT KNOWN, ] 
ANNUAL PARALLAX COULD YIELD ONLY RELATIVE DISTANCES. 



According to my 
r calculation, Saturn has an 
orbit 9 times larger than 
that of the Earth. How 
large exactly is that? 



18 All of course> 
And did you catch 
any stellar parallax 1 
yet? 






As WE KNOW NOW, EVEN THE EARTH'S ORBIT IS NOT 
LARGE ENOUGH TO OBSERVE STELLAR PARALLAX EASILY. 

The stars were simply too far. 

But the search went on. 
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Stellar Activity 



In the end it was a strange stellar activity 

WHICH DREW THE ATTENTION OF ASTRONOMERS 



What a bright star. 
I could swear it 
was not there > 

yesterday, s' 



TO THE STARS. 




But I thought the 
stellar sphere 
never changed. 
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This stellar phenomenon drew the attention of 

ASTRONOMERS. THE NEWLY INVENTED TELESCOPE MADE A BIG 
DIFFERENCE. 



More novae (plural of nova) were spotted over the 

COMING DECADES. MANY DISAPPEARED WITHIN A FEW DAYS. 

Some kept disappearing and reappearing. 



HOW DID THE ASTRONOMERS MISS ALL THIS STELLAR 
ACTIVITY UNTIL NOW? FOR ONE, NONE OF THE BRIGHT 
STARS VARIED. SO BEFORE THE TELESCOPE, THE 
CHANGE IN BRIGHTNESS OF STARS WAS DIFFICULT TO 
NOTICE. IT WAS ALSO ASSUMED SINCE THE DAYS OF 

Ptolemy that the sphere of stars was 

UNCHANGEABLE. WHY SPEND TIME GAZING AT THE 
IMMUTABLE STARS? WELL, THE NOVA CHANGED IT ALL. 
NOW THE ASTRONOMERS WERE BACK STUDYING THE 



And once scientists started looking for stellar 

ACTIVITY, THEY SOON FOUND IT IN ABUNDANCE. THE 
UNIVERSE WAS FULL OF VARIABLE STARS. 




Some stars varied erratically while some showed periodic variations. Something was going on. This stellar 
ACTIVITY excited the scientific community. Lots of astronomers came up with possible explanations. 
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That Is Really Far 



| Observing stellar parallax was as hopeless as ever. | 
In the meanwhile, other developments occurred. 



Nothing like parallax 
when it comes to 
measuring distance. 



No doubt. 

But life has to move 
on. There are other 
things in the universe j 
you know. 






In mid 1650, the Dutch physicist Christiaan Huygens 

ESTIMATED THE DISTANCE BETWEEN SlRIUS AND EARTH. 



Assuming that the star Sirius is no different 
than the Sun, how far does it have to be in 
order to appear as bright as it does?. 






Huygens' assumption was 

BASELESS, AND HIS 

methodology crude. 
Astronomers didn't even 
KNOW HOW FAR THE SUN 

was. But his estimate 

HELPED PEOPLE TO BEGIN 
APPRECIATING THE VASTNESS 
OF THE UNIVERSE. 



-A. 



30,000 times farther than the Sun, I guessT 
Now, that is hard to imagine. 



Based on similar assumptions, Newton too had estimated the distance of Sirius. 



If my 

calculations are 
correct, Sirius is a 
t million times farther 
than the Sun. 



w 






v¥ mind 
boggling. 






Only Newton’s small coterie of friends knew this estimate. They were amazed. 



I |In 1671, Giovanni Cassini, an Italian-French astronomer, 
figured out the distance between Earth and the planet 
Mars. 

V 



You know what this means? 
Now we can compute all the 
distances in the Solar 
System. 



Because 
we already know the 
relationship between 
these distances? 



The Sun is 
150,000,000 kilometers 
from us? Set out of 
here. 



te 



And guess how wide 
the orbit of Saturn 
is. More than 
2,000,000,000 km. 









150 MILLION km! 2 BILLION KM!! > 
These distances were simply /wind boggling. 



If our sun and its planets - the Solar System 
itself was so huge, how large then was the sphere 
of stars? Newton estimated the 'star sphere 1 to 
be a staggering 2,000,000,000,000,000 km. 



Were all stars actually fixed to a sphere as assumed? 
Or were they all scattered at different distances 
from us according to their range of brightness? In 

THAT CASE, HOW LARGE WOULD THE UNIVERSE BE? 









Astronomical Unit 



The world was vast, everyone asreed. But how large was it? 
Throughout history people have had different beliefs . 



The world is 
enormous. To reach 
its end you will have 
to walk straight for a[ 
1000 days. 




Really! 

From what they tell 
me, the earth is a ball 
without an edge. And 
the universe 
stretches for millions 
of kilometers on all 
sides. 



Isn’t our 
solar system 
just a speck 
of dust in 
the Milky, 
Way? 



Many times in history, people came to the 

CONCLUSION THAT THE UNIVERSE WAS MUCH LARGER 
THAN WHAT IT WAS BELIEVED TO BE. AND EVERY 
TIME IT CHALLENGED THEIR IMAGINATION. 





The Sun is 150,000,000 km\ 
from us? How far exactly is) 



that? 



Like all physical quantities, distances could only 

BE EXPRESSED WITH REFERENCE TO A STANDARD. USUALLY 
A KNOWN DISTANCE - A UNIT 15 USED TO QUANTIFY 
OTHER DISTANCES. 



This harbor 
r appears quite wide. 

Must be at least 
^5,000 thumb- lengths^ 
end-to-end. 



f For heaven's sake 
’ Columbus, can’t you talk 
jn terms of ship- lengths?^ 

S§K 




© 



ia+'5 beyond my comprehension/ 
I can't imagine it. Moreover, I am i 
simply horrible at counting zeros. 



When the Solar System was under analysis, the 

DISTANCE BETWEEN THE SUN AND THE, EARTH WAS 
TAKEN AS THE UNIT NATURAL FOR EXPRESSING THE 
DISTANCES INVOLVED. THIS DISTANCE WAS CALLED THE 
ASTRONOMICAL UNIT WRITTEN AU FOR SHORT. 



Do you know that 
t Earth's orbit is 2 AU 
in diameter? 



Don't state obvious facts^ 
^mister. Now, did you know, 
that Saturn's orbit is 
18 A U wide? 








Depending on the situation, some units 

FITTED MORE NATURALLY THAN OTHERS. 



"60 inches?^ /^T"and a " impressiveN 
^Impossible! i ^ height o f _ 72 meters J 





k How many more miles 
to Beijing? 



Interestingly, when it came into use, the size of the 

ASTRONOMICAL UNIT ITSELF WAS UNKNOWN. BUT SINCE THE 
RATIOS OF DISTANCES IN THE SOLAR SYSTEM HAD BEEN FIGURED 
OUT, THE AU SERVED ITS PURPOSE. LATER IN 1672, THE 
ACTUAL VALUE OF AU WAS ESTIMATED IN MILES. EVER SINCE 
THE AU HAS CONTINUED TO BE THE NATURAL UNIT 
ASSOCIATED WITH THE SOLAR SYSTEM. 



Goodness me! 

An AU is 
150,000,000 
kilometers long! 
It means the 
Solar System is! 
2,700,000,000 \ 
kilometers. 





: In THE 17th CENTURY, THE SOLAR SYSTEM ENDED AT SATURN. 





Light Year 




Lisht can go around the Earth 7 times in a sinsle second. 
Can you imasine how far it can travel in one whole year? 
It would be about 9,000,000,000,000 kilometers, 
or 60,000 AU. 



y / 




Stellar Parallax At Last 



While the 
ASTRONOMERS 
WERE ON THE 
LOOK OUT FOR 
STELLAR PARALLAX 





The Galactic Universe 



The first thins Galileo's telescope revealed was that the sky held 

MANY-MANY MORE STARS THAN WERE VISIBLE TO THE NAKED EYE, In THE MID 

1700s, William Herschel, an amateur astronomer, studied how the 

STARS WERE SCATTERED ACkOSS THE SKY. HlS ANALYSIS TURNED OUT VERY 

INTERESTING. 



Could you 
have guessed? 

The Milky Way is 
made up of 10 billion 
stars scattered over 
a large region in the 
shape of a flat disk. 

And we are in the 
t very middle of this y 
disk. 



'Then why does it look 
like a foggy strip? 



A 



Simple. The individual stars we see are the closer ones. 
They are all around us. The farthest stars which are 
responsible for the foggy haze are located towards the edge 
of the disk. They surround us like a ring. 



The Milky Way popularly came to be 
known by its Greek name Galaxy. 

Herschel had no idea 

HOW LARGE THE GALAXY WAS. 

He mistakingly believed the solar 

SYSTEM TO BE IN THE MIDDLE OF THE 
GALAXY, 

But the important thing was 
Herschel had figured out the 

LARGE SCALE STRUCTURE OF THE KNOWN 
UNIVERSE. 

The disk shaped galaxy filled with 
BILLIONS OF STARS WAS THE UNIVERSE, 
AND THE SUN WAS ONE SUCH STAR IN 
THE GALAXY. 

This picture of the universe stayed 
FOR THE NEXT 150 YEARS, 



In THE 19™ CENTURY, WHEN BESSEL SUCCEEDED IN 
DETECTING STELLAR PARALLAX, THE QUESTION OF THE 
SIZE OF THE UNIVERSE AGAIN BECAME A HOT TOPIC. 

Let's seeT 

If we know the total 
number of stars and the 
average distance 
between neighbors, 
then . . . 



How does i 
estimate 1 
of the galaxy? 



-h 
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This estimate was crude but gave a concrete size to the 

UNIVERSE. 



If the 10 billion 
r stars are 5-10 light years 
from their immediate 
neighbors, then 



\C. - 



\ 



And 1-2 thousand 
light years thick. 



. the whole galaxy should] 
be 5-10 thousand light 
years across. 
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[That is crazy. You must 
v have overestimated. 



ON THE CONTRARY, 

THE INITIAL ESTIMATES 
OF THE SIZE OF THE 
GALAXY WERE QUITE 
BELOW THE MARK. 

More powerful 

TELESCOPES AND 
ADDITIONAL DISCOVERIES 
SHOWED THE MlLKY WAY 
TO BE FAR LARGER THAN 
ASSUMED EARLIER. 



According to current estimates, the Milky Way has over 200,000,000,000 

STARS SCATTERED IN THE FORM OF A HUGE DISK - 100,000 LIGHT YEARS WIDE, WITH A 
CENTRAL BULGE 10,000 LIGHT YEARS THICK. 




And our own solar system 

IS SOMEWHERE BETWEEN THE CENTER AND THE EDGE OF THIS DISK. 
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Nebulae - Celestial Clouds 



OTHER THAN THE PLANETS, THE MOON, THE STARS AND THE MlLKY 

Way, the night sky had some foggy patches. They were called 

NEBULAE (PLURAL FOR NEBULA MEANING A CL QUO IN LATIN), 



! I have been^ 
observing that ' 
little cloud over 
there for weeks, 
y It hasn't moved i 
V a bit. / 




/ Look's \ 

/ as if it is \ 
stuck to the \ 
stellar sphere. 

I don't think it 
is the kind I 
\ which will j 
\ bring us / 



Needless to say, the telescope revealed a lot 

ABOUT NEBULAE. 




The true nebula looked like gas hanging among the stars even through the best of THE TELESCOPES. 



; : 













This is how some of the 

NEBULAE APPEAR THROUGH THE MODERN TELESCOPES. 




What were these nebulae? What was this foggy gas doing amongst stars? Nebulae gave rise to many questions. 
And there were many theories. 



Nebulae 

are huge clouds of 
dust particles. 
They glow because 
light-emitting stars 
are embedded 
in them 



The nebulae showed a great 
variation in shape, size and glow. 
But the kind of light coming from 

THESE INTERSTELLAR CLOUDS WAS VERY 
DIFFERENT THAN THAT FROM THE STARS. 




Andromeda Nebula 



This nebula located in the Andromeda constellation came 
to be known as the Andromeda Nebula. 



Hey! 

I do see a speck in there. 
I wonder why nobody 
noticed it before. 



But the tiny spot disappeared within no time. I 


f I don't seS\ 
[anything. It's\ 
just plain gas. 

\ May be you 1 
\ imagined./ * 










f I wonder\J 
if that was a] 
\r\ova therryj 



In the following decades, many transient 

SPOTS WERE WITNESSED IN THE ANDROMEDA 

Nebula. _ 

Surely 

there must be a 1 
way to find that g 
out. 



''Are these novae ^ 
located inside the 
nebula? Or they 
simply happen to be j 
in the line of sightJ 



Heber Curtis, an American astronomer, studied the 

OCCURRENCE OF NOVAE ACROSS THE WHOLE SKY AND CAME TO A 
CONCLUSION. 



! There are one too 
many novae appearing 
l in that small region 
of the sky. 

f These novae must 
[belong to Andromeda 
V. Nebula. ^ 




AS ALWAYS, MANY QUESTIONS WERE RAISED 
AND MANY THEORIES PROPOSED. 



Andromeda Nebula is so 
far away that even its novae are 1 
fainter than the faint stars 



How is this possible? If what you 
[are saying is true, then the nebulae 
has to be much farther than the 
outer limits of the universe. 



Why are they 
so faint? And 
are they novae 
in the first 
place? 




In 1917, Edwin Hubble, an American astronomer, 

RESOLVED THE ANDROMEDA NEBULA INTO A VAST BUT 
DENSE COLLECTION OF EXTREMELY FAINT STARS. 




If the nebula is^ 
that far, it would be 
mpossible to figure out 1 
whether it is a cloud of 
dust or a dense cluster J 
of stars. 

This is all 

speculation. What] 
we need is some , 
solid proof. 



The THEORY THAT THE ANDROMEDA NEBULA WAS A SEPARATE 
AND DISTANT GALAXY FITTED MOST OBSERVATIONS. 



Could N 
'"This nebula 
be a whole 
'galaxy in its own r ight?J 



Yet again 
r the universe turned 1 
| out to be much more 
complex than we 
thought. 



And 

(much larger than] 
we could have 
imagined. 




Multigalactlc Universe 



r I have no doubt that 
Andromeda Nebula is 
actually a galaxy, just 
like the Milky Way. 



Then why don't we' 
stop calling it a 
nebula and call it 
Andromeda Galaxy j 
from now on? 



1 

| Using sophisticated instruments as well as methodology, 

SCIENTISTS ESTABLISHED THAT ANDROMEDA NEBULA WAS 
INDEED A GALAXY LIKE THE MlLKY Way, ONLY TWICE AS WIDE. 
IT HAS BEEN CALLSO ANDROMEDA fiALAXY FROM THEN ON. 



Was that all there was to the universe? 

TWO GALAXIES SEPARATED BY A MIND BLOWING DISTANCE? 
The ASTRONOMERS SEEMED TO KNOW BETTER. 



You 

really think 
there are more j 
galaxies? 



I can assure 
you the 
universe will 
always have 
something 
^more in store 
for us. 



In 1952 the Andromeda Galaxy was estimated to be 

AN ASTONISHING 2 MILLION LIGHT YEARS AWAY FROM US. 



That is long 
enough to fit 20' 
galaxies end to/ 
end 



^Is there an' 
end to the 
expanse of the| 
universe? 



It came as no big surprise when many more galaxies 

WERE DISCOVERED SOON AFTER. 



What did I 
tell you? 



This is crazy^ 
j The Milky Way/ 
which was once 
taken for the 
whole universe, 
is actually 
one out of 
a swarm of 
.galaxies? 



SO WHAT IS OUR CURRENT PICTURE OF THE UNIVERSE? 



The universe is scattered with galaxies . . . around 100,000,000,000 
(a hundred billion) of them grouped into clusters. 

Each galaxy cluster is made up of thousands of galaxies. 

The average sized galaxy has 100,000,000,000 (hundred billion) stars 
and is 100,000 light years across. 

The expanse of the universe is estimated to be around 
200,000,000,000 (two hundred billion) light years. 

There is a vast space separating stars in a galaxy as well as galaxies in 
a cluster. In fact, the universe is mostly vast, empty space. 

Well ... this Space is not really empty . . . because there is a faint 
light flooding every corner of the universe. 



That is crazily big. But is 

THAT ALL THERE IS TO THE 

universe? Yes ... for now. 



But who knows? 

May be one day, we wilf 
discover something new, 
somewhere beyond the 
known boundaries of this 
Multi-galactic Universe. ; 





The Universe In Chunks 



Where are we located within the enormous universe 
we live in? Where do our Earth, our Solar System, 
our Milky Way lie in relation to the billions 

AND BILLIONS OF GALAXIES MAKING UP THE COSt^OS7 



The night sky we see is dominated by the 
stars neighboring us. I would tike to travel far 
away from all the stars and all the galaxies and 
take a perspective look at the universe. 



Suppose we had the ability to travel to any 

PLACE IN THE UNIVERSE. YOU MOVE AWAY AS FAR 

from the Earth as possible. What 

WOULD YOU SEE? A SWARM OF FAINT DOTS, 

Are these stars? Galaxies? 




No. Each tiny dot is a cluster of galaxies. 
An average sized cluster contains more 

THAN A THOUSAND GALAXIES. THERE ARE 
MORE THAN A BILLION SUCH CLUSTERS 
SCATTERED ACROSS A VAST SPACE. 




light years 



Let us start locating the earth. Suppose we take a small chunk from 

THIS VIEW ALONG THE DIRECTION WE CAME FROM. If WE ZOOM INTO THIS 
PIECE, WE CAN MAKE OUT THE INDIVIDUAL GALAXIES IN THE CLUSTERS. 




fight years 



Indeed. Let us zoom further into a tiny 

PIECE OF THIS SPACE NEIGHBORING OUR GALAXY, 




We TAKE ANOTHER STEP TOWARDS OUR DESTINATION. 
NOW WE CAN DISTINCTLY SEE INDIVIDUAL STARS. 
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That has been quite a journey so far. But we have a long way to go before we reach home. 



* J 






ZOOMING ONCE MORE, OUR FIELD OF VISION 
IS NARROWED TO ONLY ONE STAR, THE SUN. 



Are you sure that is our Sun? 

I don't see any planets orbiting it. 





It is about time we started looking 

FOR THE PLANET WE CALL HOME. LET US 
PLUNGE RIGHT INTO THE SOLAR SYSTEM. 



That one looks like Saturn and the 
other one is Jupiter. That tiny one 
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Space And Time 




Evolution Of Telescopes 



Ever since Galileo used the telescope 400 years aso 

THIS INSTRUMENT HAS BEEN INSEPARABLY LINKED TO ASTRONOMY. 



Whatever 
can be seen with 
the naked eye has , 
already been seen. ' 
The telescope is 
■ only hope. 
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I have seen 
everything this 
telescope could 
show me. I 
need a more 
powerful one. 



Advancement in observational astronomy essentially meant 

IMPROVEMENT IN THE TELESCOPE. 



The first telescopes (called Galilean 
Telescopes) consisted of two lenses. 



a large lens called the 
objective and a small one 
called the eyepiece. 



The larger the objective, the more light it ' 
^can catch and the more things it can show. 



In 1700 William Herschel constructed a 40 frfft long telescopf. Its Objectivf had a diamftfr of 4 i 



The Galilean Telescope had some 

INHERENT PROBLEMS. 



Newton’s deep insisht into the nature of light made wm| 
replace the objective lens with a curved mirror. 



It’s difficult to grind 
large lenses. They are so bulky 
sag with their own weight. 



Why don’t I see a 
sharp image? 




A glass lens 
bends different 
colors of light 
through different 
| angles. Since white 
light is made up of 
[ many colors, we end 
up with a rainbow 
of images. 





And why are the 
edges always colored] 
and hazy? 



CONSTRUCTING BETTER TELESCOPES WAS ONLY ONE OF THE 

challenges. Astronomers had to ©rapple with dust 



A mirror 
serves the 
same purpose 1 
as a lens - it 
focuses light. 
But unlike a 
lens, a mirror 
focuses all 
colors 
identically., 

Moreover, the mirror had only one surface to be ©round 

AND WAS MUCH LISHTER COMPARED TO A LENS. The REFLECTING | 

Telescope (also known as the Newtonian Telescope) 

SULL REMAINS THE DARLINS OF AMATEUR ASTRONOMERS. 



These days the clearest pictures of the cosmos 

ARE OBTAINED TRHOUGH TELESCOPES PLANTED IN SPACE. 



AND FLUCTUATIONS IN THE ATMOSPHERE W^I CH LIMITED 
THE OBSERVATIONAL POWER OF TELESCOPES. I 



Let us take 
[our telescope to 
[the Himalayas - 
i far away from 
s^this madding 
crowd. 



Today, most of the observatories are reclusive 

RETREATS SITUATED ON MOUNTAIN TOPS. 



Brrrrrr .... iT\ 
sure is cold out here. 
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But by Jupiter, what a view!) 






Some telescopes orbit the earth while others have 

TRAVELED ACROSS THE SOLAR SYSTEM. WELL KNOWN SPACE 

Telescopes like Hubble and Voyager have sent us 

INNUMERABLE PICTURES OF THE UNIVERSE - INFORMATIVE 
AS WELL AS BREATHTAKINGLY BEAUTIFUL. 




Spectrum 



As THE TELESCOPES ADVANCED TO REVEAL THE SKY IN GREATER AND 
GREATER DETAIL. AN EQUALLY POWERFUL DEVELOPMENT TOOK PLACE. 



Look! 
Sunlight is mode 
up of several 
colors* The prism 
splits the beam 
into its colored 
components. 






N4nd if you i 
recombine 
these 
components, 
you again get | 
the white 
light you 
started 
t with. 



After all 

^crystals are magical 
aren't they? 



This discovery by Newton in 1666 had profound implications. 



The ancients 

KNEW THAT LIGHT 
PASSING THROUGH 
CRYSTALS YIELDED 
A RAINBOW-LIKE 
PATTERN. But 
THEY THOUGHT IT 
WAS THE CRYSTAL 
WHICH RENDERED 
THE COLORS. 



But after Newton s explanation, the 

FOCUS SHIFTED FROM CRYSTALS TO LIGHT. 



Scientists conducted experiments in the dark room. 



That is strange! Even the dark 
regions next to the rainbow have a 
. warming effect. 



Hey, this is spooky! 

The photograph of the rainbow 
is much wider than the rainbow 
^ itself. 
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/ I know what this means. 

The sunlight has some colors \ 
Which are invisible to the human 
' eye. The prism separates them j 
\ just like it does the visible [ 
YV colors. \ 











According to modern theory, light is made up of 
waves. Light of different colors have different 
wavelengths. Within the visible spectrum (the 
rainbow colors), red has the longest wavelength 

AND VIOLET HAS THE SHORTEST. ULTRAVIOLET LIGHT HAS 
AN EVEN SHORTER WAVELENGTH. INFRARED CORRESPONDS 
TO A WAVELENGTH LONGER THAN THAT OF RED. 

Today we know that the full spectrum of light in 

THE UNIVERSE EXTENDS MUCH BEYOND THE INFRARED AND 
THE ULTRAVIOLET. VISIBLE LIGHT IS JUST A TINY PORTION 
OF THIS, 

Just like the colors of the rainbow, different parts 

of THE INVISIBLE SPECTRUM ARE ALSO GIVEN NAMES; 
X-RAYS, GAMMA RAYS, MICRO WAVES, RADIO WAVES, ETC. 





Spectroscopy 



In 1835, Auguste Comte, a French 

PHILOSOPHER SAID . . . 



In 1835, 

PH 

W ^\ Humans 
F would NEVER t 
be able to tell 
what the 
STARS are 
made of! 
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He was to be proved wrong very soon. 



In the 19th century, a series of investigations brought the 
study of the light spectrum into the heart of astronomy. 



r If I pass the light from^ 
this candle through a prism, 
i what would the resulting 
V rainbow look like ? ^ 
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How about the light 
commg from this white-hot 
iron rod? ^ 
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Light emitting from different sources was investigated. 



Much to their excitement, scientists found 

THAT DIFFERENT MATERIALS, WHEN HEATED, GAVE 
OUT DIFFERENT SPECTRA. AFTER MUCH STUDY, THEY 
WERE ABLE TO IDENTIFY THE SUBSTANCES EMITTING 
LIGHT JUST BY LOOKING AT THE SPECTRUM. 



Astronomers were thrilled with this new ability. 




Soon this excitement got converted into a deep faith. 




If we were to 
reach the Sun 
and fetch a tiny 
piece of it to 
analyze the 
composition in 
the laboratory 




could not ^ 
possibly learn 1 
anything more 1 
than what the 
solar spectrum - 
can reveal A 



Spectra from planets, stars, nebulae, galaxies, etc, 

WERE ANALYZED IN DETAIL, THIS LEAD TO THEORIES 
WHICH TALKED ABOUT WHAT CONSTITUTED STARS AND 
NEBULAE AND HOW THAT MATTER BURNED TO PRODUCE 



Spectroscopy shifted the focus from the 

GEOMETRICAL STRUCTURE OF THE UNIVERSE 
TO THE PHYSICAL PROCESSES HAPPENING THERE. 



The element Helium (used in floating balloons) 

WAS FIRST IDENTIFIED THROUGH THE SOLAR SPECTRUM. 

Later on it was isolated in the laboratory. 



Newton had established the physics of how 
heavenly bodies moved IN SPACE and how they 
INTERACTED WITH ONE ANOTHER. SPECTROSCOPY MADE IT 
POSSIBLE TO STUDY THE PHYSICAL PROCESSES 
OCCURRING WITHIN EACH CELESTIAL OBJECT. 



Today Astronomy is considered a branch of Physics. 
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Modem Telescopes 



(Modern telescopes rely on our deeper understanding of light. 
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A wide range of 

Electromagnetic Radiation comes 
from space. Visible light constitutes 
only a tiny fraction of this^^y\ 



But what good is the 
^ invisible part of this 
radiation then? 



Ah! It may be invisible to the human eye but it's stil 
detectable. Haven't you had your bones photographed 
using X-rays? 



Invisible light can be photographed on film. 
Advance electronics have given us artificial 
retinas which see much more than the human 

EYE CAN, 



A digital camera for 
example uses an electronic 
retina. Electronic retinas 
can capture invisible light 
too. 



Telescopes meant for invisible light are 

USUALLY THE REFLECTING (NEWTONIAN) TYPE, 



Most modern telescopes capture invisible light. Depending 

ON THE REGION OF THE SPECTRUM THEY ARE SENSITIVE TO, THEY ARE 

named Infrared Telescopes, X-Ray Telescopes, Radio 
Telescopes, etc. 



Are you sure this is a 
[telescope? It looks more like 
a TV dish antenna. 



As a matter of fact 
it does. But if you open 
that little box you will 
find an elaborate 
eyepiece as well as an 
electronic retina 
The dish itself 
serves as the 
objective 
mirror. 



AS MOUNTAIN TOPS ARE GOOD FOR VISIBLE-LIGHT 
TELESCOPES, RADIO TELESCOPES ARE BEST LOCATED IN 
VALLEYS. The SURROUNDING MOUNTAINS SHIELD 
UNWANTED RADIATION FROM ARTIFICIAL SOURCES. 






I love this placed 
Only my mobile 
catches no signalll 



Often there are groups and arrays of radio 

TELESCOPES COLLECTIVELY IMAGING THE SKY. 



Why an array of 
telescopes? What can 
10 telescopes show 
^that can't be seen by a 
single one? 



When it comes to 
radio telescopes, 
one plus one is two. 
; The more radiation 
v they capture the 
better. 



The largest single- dish telescope today is situated at Arecibo, 
Puerto Rico. The dish is a fixed 305 meters wide cement bowl 

AND THE EYEPIECE HANGS FROM CABLES. 
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Space Exploration 
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